Abstract Modification of graphene oxide (GO) with long-chain aliphatic amine offers a substantial improvement in high-performance polymer as nanofiller in the composite. In this work, graphene oxide was functionalized with octadecylamine via sonochemical exfoliation method producing mono-to few-layer graphene oxide/ octadecylamine (GOODA) nanofiller. Biodegradable polybutylene succinate (PBS) was incorporated with GOODA via solution intercalation method. GOODA does not profoundly affect the crystallinity of PBS/GOODA nanocomposite, but interestingly improves the mechanical and thermal properties. The addition of only 0.1 wt% GOODA nanofiller loading exhibited a sharp increase in tensile strength and Young's modulus of up to 50 and 58.9%, respectively. The improvement in strength and thermal behavior could be attributed to the successful interfacial interaction between amine group in GOODA and carboxylic group in PBS chain tail via nucleophilic substitution reaction. This improved interphase structure enhanced the dispersion and exfoliation of GOODA in PBS matrix.
Introduction
Polybutylene succinate is a potential biodegradable polyester polymer due to its ability to be processed using conventional polyolefin processing machines for various types of applications such as injected, extruded, and blown films [1] .
However, PBS has insufficient mechanical properties due to its softness, low gasbarrier ability, and poor thermal stability that limit its application in various industrial areas [2] . In order to improve its deficiency, several ways have been used including PBS nanocomposite [3] [4] [5] , copolymerization of PBS [6] , and blending with other polymers [7] . PBS nanocomposites are one of the promising processing methods to enhance chemical and physical properties compared to neat PBS by tailoring it with nanofillers.
Nanofiller such as graphene attracts a widespread interest in polymer nanocomposite area due to its striking mechanical, thermal, and electrical features. However, pristine graphene that lacks functional group makes interaction between graphene and targeted polymeric material challenging as the physicochemical properties of nanocomposite is greatly influenced by the distribution of graphene nanofiller in the polymer matrix. Hence, covalent functionalization of graphene is preferable to obtain homogeneous graphene/polymer composites. One of the best-known methods to introduce functional group on graphene planes is through graphite oxidation. Although oxidation initiates disruption on the graphene planes, the hydroxyl, carboxyl, and epoxide groups can serve as active sites for further modification and better interaction with targeted materials. Heavily oxygenated moieties on GO surface makes it strongly hydrophilic and have good dispersion in aqueous media. However, only certain polymers are soluble in water. Thus, functionalization of GO is required to produce a stable dispersion in organic solvents and improve compatibility with polymer matrix. Through a proper selection of modification reaction, solvent, and polymer matrix, maximized reinforcement at the graphenematrix interface could be achieved with superior mechanical properties enhancement [8] .
Among others, modification of GO with alkylated amines have generated a great interest as it can transform hydrophilic GO to hydrophobic. Niyogi and Choudhary reported an improved dispersion stability in organic and nonpolar hydrocarbon solvent with increasing length of long-chain alkylated GO. Enhanced affinity towards nonpolar polymer also improved the nanofiller dispersion in various polymer matrices [9, 10] . Effective enhancement in mechanical and thermal properties in various types of polyester using long-chain alkylated GO has been reported by several authors. For instance, Kulia and coresearcher reported the preparation of LLDPE composite with dodecylamine-GO as an organic modifier and hydrazine as the reducing agent. The sample was solution-casted and further refluxed at 140°C for 20 h. The dried sample was then compress-molded at 150°C for 10 min. LLDPE/dodecylamine-GO for 3 wt% loading exhibited an improved tensile strength with * 43% increment compared to pristine LLDPE. However, elongation at break decreased as filler loading was increased which commonly an occurred phenomenon with graphene composite system. At higher percentage loading of more than 8 wt%, agglomeration of dodecylamine-GO started to occur causing a slight deceased in tensile strength. Thermal stability of LLDPE/dodecylamine-GO composite showed * 40°C higher for onset temperature for the degradation at only 3 wt% loading suggesting that the filler hindered the emission of molecules [11] . In a different work, Kulia and coresearcher changed the processing route using melt mixing, where LLDPE pellets and dodecylamine-GO were blended together at 125°C for 15 min and compressed-molded at 150°C. Dissimilar to solvent intercalation method, melt mixing method showed a maximum tensile strength at 0.5 wt% (improved by * 64%) and started to decrease at 3 wt%. Stiffer and brittle-like behaviors were also observed upon the addition of dodecylamine-GO in LLPDE matrix [12] . Pang et al. reported an attempt for synthesizing a conductive polymer composite (CPC) with double percolation structure of ultrahigh molecular weight polyethylene (UHMWPE) and HDPE/GOODA/CNT as the highly conductive component. Percolative HDPE/GOODA mixture was integrated by solution dispersion process where a stable CNT/ethanol solution was added into the HDPE/GOODA solution. UHMWPE was mixed with a high speed mixer thus producing a successfully developed CPC with conducting pathway of * 7.1 9 10 3 m/m 2 at only 0.15 vol% of HDPE/GOODA/CNT. In addition, the produced material exhibited an antistatic materials property with an electrical conductivity of 10 -2 S/m. Strong interfacial interaction between GOODA and PE chains increased the yield strength and tensile modulus by 38.3 and 13.8%, respectively [13] . Another attempt on reinforcing longer alkyl chain (octadecylamine)-GO was done by Huang et al. to promote better dispersibility in nonpolar solvent (xylene) and enhanced compatibility with LDPE matrix. LDPE/GOODA was prepared using solution coagulation method followed by in situ thermal reduction by compression molding at 180°C. Reinforcement efficiency of GOODA increased the composite Young's modulus by 58.9%, reduced the oxygen permeability by 37%, and improved the decomposition temperature by 15.9°C compared to pristine LDPE. The high performance of the produced LDPE composite was due to the assistance of long-chain alkylamine that created uniform and fully exfoliated GOODA in LDPE matrix as shown in SEM and WAXD profiles [14] .
In general, the mechanical and thermal properties enhancement of aliphatic alkylamine graphene based in various nonpolar polymer matrices are attributed to a better graphene-polymer interfacial interaction and uniform dispersion of the filler in the polymer matrix. However, to the best of our concern, there is no research report on the effect of long-chain aliphatic amine-GO on the properties of PBS matrix. In this work, exfoliated graphene oxide/octadecylamine (GOODA) as nanofiller was used to prepare PBS/GOODA nanocomposite films with various GOODA loadings. With the aid of surface modification of GO with primary aliphatic amine and PBS polymeric chains, improvement of interfacial interaction was expected through nucleophilic substitution of amide group in GOODA and carboxylic group in PBS. The improvement of the mechanical, thermal, and crystallization behaviors was investigated and possible reaction mechanism was discussed.
Experimental Materials
Concentrated sulfuric acid (H 2 SO 4 ), sodium nitrate (NaNO 3 ), potassium permanganate (KMnO 4 ), 30% hydrochloric acid (HCl), 30% hydrogen peroxide (H 2 O 2 ), potassium persulfate (K 2 S 2 O 8 ), phosphorus pentoxide (P 2 O 5 ), phosphoric acid (H 3 PO 4 ), octadecylamine (ODA), ethanol, methanol, and chloroform were purchased from Merck Sdn. Bhd. Graphite powder (\ 45 lm) was purchased from Sigma-Aldrich Co. Poly(1,4-butylene succinate), extended with 1,6-diisocyanatohexane (PBS) and graphite powder (\ 45 lm) was purchased from Sigma-Aldrich Co. All chemicals were used as received.
Oxidation of graphite to produce graphene oxide GO was prepared by stirring 3 g of graphite powder in an 80°C solution of 12 mL of concentrated H 2 SO 4 containing 2.5 g of K 2 S 2 O 8 and 2.5 g of P 2 O 5 . The reaction temperature was kept at 80°C for 4.5 h using a hotplate. Then, the mixture was cooled to room temperature and diluted with 0.5 L of ultrapure water and left overnight. Then, the mixture was filtered and washed with ultrapure water using a 0.45-lm nylon Millipore filter to remove the residual acid until the filtrate reached pH 7. The product was dried under ambient condition overnight. Next, the pretreated graphite powder was put into 120 mL of concentrated H 2 SO 4 at 0°C in an ice bath. Fifteen grams of KMnO 4 was added gradually under stirring while the temperature of the mixture was kept below 20°C. The solution was then stirred at 35°C for 2 h. Subsequently, 250 mL of ultrapure water was added and the suspension was stirred for another 2 h. Additional 0.7 L of ultrapure water was added. Next, 20 mL of 30% of H 2 O 2 was added to the mixture to destroy the excess of permanganate. The suspension was then washed with ultrapure water, HCl 30% and ethanol, twice for each wash. The remaining material was washed by centrifugation. The supernatant was discarded and the precipitate was resuspended with ultrapure water until the pH was 7. The resulting gel-like GO was dried in a vacuum desiccator for 72 h [15] .
Covalent functionalization of GO with octadecylamine to produce chemically modified graphene (GOODA)
One hundred milligrams of the produced GO was dispersed in 100 mL of ethanol containing 400 mg of octadecylamine. The mixture was then sonicated until homogeneous and transparent dispersion was obtained. GOODA was filtered using a nylon membrane (0.22 lm) and washed with ethanol to remove the excess aliphatic amine. The brownish GOODA solid was dried in vacuum overnight.
Fabrication of PBS nanocomposite using solution intercalation method
PBS was dried in vacuum overnight before use. Approximately 0.01 g of GOODA powder was dispersed in chloroform with the assistance of ultrasonication for 2 h. Meanwhile, 9.99 g of PBS was completely dissolved in 50 mL of chloroform at room temperature. The dispersed GOODA was gradually added to the PBS solution under sonication. The mixture was further sonicated for 30 min. The resulting PBS/ GOODA was stirred at 50°C for 2 h. The obtained polymer solution was allowed to cool to room temperature before mixing it in a large volume of vigorously stirred methanol to coagulate the PBS composites. The precipitate was obtained by filtration and dried in an oven at 60°C for 24 h and further dried in a desiccator for 24 h to remove the solvent and moisture from the sample. Thin film of the composites was produced by dispersing the dried composites in 100 mL of chloroform, then casted onto petri dishes, and oven dried at 60°C until constant weights. The content of GOODA was varied at 0.1, 0.3, 0.5, 0.7, and 1 wt% in the composites.
Characterization
GO, GOODA, PBS, and its nanocomposites were characterized by Fouriertransform infrared spectroscopy (FTIR) on Nicolet 6700 (Thermo scientific). The samples of GO, GOODA powder, and thin film of PBS/GOODA nanocomposites were evaluated under mechanical force by pressing the sample's surface against a diamond window in the range of 4000-400 cm -1 . Attenuated total reflectance (ATR) technique was used to carry out the measurement. X-ray diffraction analysis was carried out in the range of 2h of 3°-40°using Rigaku Miniflex X-ray diffractometer with CuKa radiation. The scanning rate was at 5°/min with a k value of 0.1543 nm. Thermal stability of the samples was measured using TGA/DSC Mettler Toledo at 10°C/min from 25 to 1000°C under nitrogen atmosphere. Field emission scanning electron microscope (FESEM) was conducted using JSM-7800F microscope. Atomic force microscopy (AFM) images were obtained using Park NX10 with a resonance of frequency at 360 kHz. The GO and GOODA suspensions in chloroform was spin-coated onto glass surfaces at 5000 rpm for 30 s. Highresolution transmission electron microscope (HRTEM) with field emission was conducted on TECNAI G2 20 S-TWIN, FEI at an acceleration voltage of 200 kV. The sample for HRTEM analysis was prepared by depositing an aliquot of the sample suspension onto a carbon grid and then the solvent was allowed to evaporate. The melting behavior of the prepared PBS/GOODA nanocomposites was studied by differential scanning calorimetry (DSC) with Perkin Elmer DSC Pyris-1. The samples were subjected to heating from room temperature to 150°C, held at 150°C for 3 min to eliminate the thermal history, and cooled down to 30°C. Then the same sample was heated again to 150°C. The scanning rate of every sample was 10°C/min. Tensile properties were used as a general guide and evaluation basis for comparing the performance of the blend with different blend ratios and fabrication process modification. Tensile tests were carried out according to ASTM D882 using Instron testing machine. The crosshead speed used in this study was 10 mm/min at room temperature. The thin film consisted of strips of uniform width and length (10 9 50 mm). Five samples were used for tensile test and an average result was taken as the resultant value. The tensile test recorded the tensile properties such as tensile strength, elongation at break, and modulus. Swelling test was carried out by immersing PBS and PBS/GOODA film samples in dimethylformamide (DMF) solvent at room temperature for 2 h. The samples were then removed from the solvent and the swollen samples were weighed immediately. Any excess of solvent on the samples were removed by short contact with filter paper. Three samples were used for swelling test and an average result was taken as the resultant value.
Results and discussion
Study of morphology and structural analysis of GO and GOODA Chemical oxidation of graphite is one of the preferable methods to produce GO due to high yield of production, and rich in oxygenated group that facilitates dispersion in water and inorganic solvent thus providing reactive sites for chemical functionalization [9] . These characteristics of GO ease the functionalization and attachment to a broad range of polymers. Prior to functionalization, GO sheets were analyzed using AFM, FESEM, and XRD to investigate the layer thickness, size, and morphology.
Based on previous study, oxidation of graphite will increase the thickness of graphene sheets to about 0.8-1 nm. The thickness of GO is larger than that of pristine graphene due to basal planes and edges in GO being decorated with epoxide, hydroxyl, carbonyl, and carboxyl groups that alter the interaction between the layers. Grafting of ODA to GO sheets will further produce thicker sheets of Fig. 1 AFM image and height profile of GO nanosheets around 1.6 nm due to the insertion of long-chain alkylamine on the GO planes [16] . AFM images in Figs. 1 and 2 show the measured thickness of GO and GOODA that were spin-coated on glass substrate from its chloroform solution. Based on AFM topography image, GO sheets had a layer thickness of around 1.5-2 nm and a lateral length of 2-3 lm which indicated that the produced GO probably consisted of bilayers and few layers of GO sheets. Upon the reaction with octadecylamine, GOODA showed typical monolayer sheets of alkylated GO with a thickness of around 1.6 nm which is similar to the findings of other researchers [17] . However, the lateral length of GOODA is smaller compared to GO ranging from 0.5 to 0.3 lm. The reduction in size is due to the excessive sonication during sonochemical functionalization of GO sheets. Sonication exfoliation that produces external forces causes cleavage and graphitic sheets break up upon longer sonication time [18] . Figure 3a , b shows the FESEM images of GO and GOODA, respectively. The GO flakes structure displays fine wrinkle domains with a very thin layered structure. Meanwhile, larger wrinkled domains with average width of 100 nm were observed in GOODA morphology structure. This is an indication of the increment in the surface roughness with the addition of aliphatic amine (ODA) in GOODA. Similar results were found by other researchers for GO-grafted aliphatic amine [19, 20] . The enhanced surface roughness increases the hydrophobic nature which leads to a very poor dispersion in water thus changing the graphene derivatives from hydrophilic to hydrophobic material. Difference in the surface morphology of GO and GOODA also influences dispersion behavior in organic solvent due to the modification of surface energy and roughness of the GO. The dispersed GOODA nanosheets in chloroform were further observed by TEM images as shown in Fig. 3c . It can be observed that some parts of the sheets are transparent and other parts are dark and thick. This indicates that GOODA flakes consist of single-and few-layer thick flakes [21] . This observation is consistent with the AFM characterization. Dispersion stability of a filler or nanomaterial in most solvents remains a challenging factor especially in polymer nanocomposite area. Herein, a simple dispersibility test in chloroform for GO and GOODA was performed. GO and GOODA samples were dispersed in 0.2 mg/mL of chloroform by ultrasonication for 1 h. The suspensions were left overnight to observe the dispersion stability. Figure 4 shows the digital images of the dispersion for GO and GOODA for (a) after 1 h However, GOODA showed a very good dispersion with darker color and showed no floating or suspended particulates. After 24 h, precipitated particles were observed at the bottom of the vial with clear solution on top for GO samples. The agglomerated particles proved that GO exhibited poor dispersibility in organic solvent due to low surface energy and roughness. A stable aqueous suspension for GOODA demonstrated that alkyl group provided cohesive interaction with organic solvent, thus improving the dispersibility and stability of GOODA sample [21] . Figure 5 shows the X-ray diffraction peaks of graphene oxide and graphene oxide grafted with octadecylamine. The interlayer spacing was calculated using Bragg's equation. Pristine graphite exhibited a 2h value of 26°which indicated interlayer spacing of 0.34 nm. After oxidation process, the diffraction peak of graphite disappeared while shifting the peak to a lower 2h value of 11.3°. The interlayer spacing increased from 0.34 to 0.784 nm due to oxidation process which exfoliated and decorated the graphene planes with oxygen-containing group. Upon the reaction with ODA, d 002 diffraction peak of GO stacking was suppressed significantly and the emergence of a new peak at 5.4°indicated an increase in the interlayer stacking to 16.38 Å . The large interlayer spacing was due to the grafted long chain of alkylated amine on GO sheets. According to Bourlinos and coworkers, the interlayer distance depends on the length of the hydrocarbon chain and orientation of grafted molecules to the layers. Therefore, the equation of pathway of amine insertion on GO sheets [22] . However, there was also a noticeable peak at 8.2°with an interlayer distance of 10.79 Å . The emergence of this additional new peak which is close to octylamine interlayer zone probably from the lengthy sonication process during grafting of ODA in GO surface that reduced the alkyl chain length and sheet size [18] . In addition, a low but quite broad peak at 21.36°c orresponding to 0.416 nm interlayer spacing indicated that agglomerations occurred during fabrication process leading to disordered stacking in GOODA structure [23] .
Study of chemical composition and functionalization route for GOODA
The chemical compositions of GO and GOODA were investigated using XPS analysis as shown in Figs. 6 and 7 for C1s and N1s spectra, respectively. Deconvoluted XPS C1s spectra for GO produced four main components with C-C bonds (284.6 eV), C-O bonds (286.1 eV), C=O bonds (287.2 eV), and C(O)O bonds (289.3 eV). Significant changes were observed after GO functionalization with ODA where C(O)O bonds was undetectable and the intensity of C-O bonds decreased dramatically. The C1s spectra of GOODA produced a new component denoted as C-N spectra at 285.6 eV indicating a covalent functionalization took place during the reaction with ODA [24] . After functionalization, epoxide group showed 28% (from Table 1 ) decrement from pristine GO suggesting that amination of epoxide group on basal plane was the primary reaction between ODA and GO. Apparently, N1s spectra only appeared after amine treatment with C-N bonds (399.5 eV), C(O)-N bonds (400.6 eV), and C-NH 3 ? (401.9 eV). The C-N and C(O)-N components in N1s spectra further justified the addition of amine on the basal plane producing secondary amide on GO structure. In addition, the presence of alkylammonium ions (C-NH 3 ? ) is associated with a weak bond between carboxylate groups and NH 2 [25] . It is also worth noting that carbon-carbon and functionalized carbon bond ratio for GOODA increased by 20% upon the functionalization with ODA. The same observation was found by Li and coresearchers who reported the evidence of some reduction occurrences during Fig. 6 C1s X-ray photoelectron spectra and deconvoluted peaks for GO and GOODA the modification process. This could be due to the substitution of oxygen group with nitrogen group from octadecylamine [26] . Figure 8 shows a typical FTIR spectrum of GO and GO after amine treatment. GO spectra with various oxygen-containing functional groups resemble peaks at * 1050 cm for aromatic ring, and broad hydroxyl groups at 3000-3500 cm -1 . After the modification with ODA, GOODA spectrum peaks showed three main changes in the spectrum. The first noticeable change is the decrement in intensity of C=O and C-O-C bands that indicates the insertion of ODA in GO through amination of carboxylic and epoxide group with the formation of amide derivatives. The formation of amide would lead to the emergence of overlapping peaks at 1610 and 1580 cm -1 that correspond to C=O and N-H bending for amide group. Two new strong peaks at 2915 and 2847 cm -1 are attributed to the introduction of long-chain aliphatic alkene from ODA. Rocking and scissoring mode for C-H group is also observed at 1354.6 and 1466 cm -1 , respectively, as a result of the insertion of ODA in GO. In addition, a broad peak at * 1020-1250 cm -1 represents C-N aliphatic amines proving the presence of grafted aliphatic amine molecules on the GO surface. The peak intensity of the broad band from hydroxyl groups at 3000-3500 cm -1 in GO spectra also decreased Fig. 7 N1s X-ray photoelectron spectra and deconvoluted peaks for GO and GOODA indicating that hydrogen bonding and electrostatic attraction occurred in the interaction.
Changes from the chemical structure of GO suggest that ODA linked with GO through two possible noncovalent interactions and a covalent interaction that are the hydrogen bonding between oxygen groups in GO with amine molecules from ODA, electrostatic attraction between carboxylic group and protonated amine, and nucleophilic substitution on the epoxy group of GO. Bourlinos et al. [22] pointed out that amine nucleophilic substitution on epoxy group was the domain reaction; however, Lin et al. [21] reported that all the three interactions occurred during the functionalization of GOODA, but only covalent bonded amines contributed to lower the surface energy. From XPS and FTIR analyses, it is suggested that all three possible reactions might have occurred during the functionalization, but the main insertion way of amide moieties on GO is through epoxide group amination.
Thermal properties of GO and GOODA
In order to estimate the degree of grafting and possible changes in thermal stability in GO and GOODA, TGA analysis was performed as shown in Fig. 9 . GO exhibited three stages of weight loss. The first stage at * 100°C is attributed to the evaporation of physisorbed water molecules attached on the GO surface. This is due to the well-known hydrophilic nature of GO. Unlike GO, GOODA showed negligible losses of weight up to 200°C due to the hydrophobic characteristic of GOODA which is consistent with dispersibility and water contact angle test. In addition, this is also an indicator of a successful covalently attached amine group to the GO surface as physisorbed amine was reported to decompose around 150-300°C [24] . Meanwhile, the chemically bonded oxygen-containing group in Fig. 8 Fourier-transform infrared spectra of GO and GOODA GO started to decompose rapidly between 150 and 270°C leaving a residue of * 50% weight as a result of pyrolysis process of oxygen-containing group on the GO surface. After the modification with amine, GO showed a gradual mass loss from 200 to 500°C that could be caused by the decomposition of the intercalated ODA on the GO samples. The same observation was found by other researchers that the decomposition of the covalently attached ODA occurred at a temperature range of 200-500°C [24, 27, 28] . Previous study reported that the remaining mass after 700°C was solely attributed to graphitic carbon backbone in GO samples with negligible oxidized or functionalized group residue [24] . GO exhibited 34 wt% remaining of intact carbon while GOODA preserved 53 wt% of intact carbon. This observation suggests that there is a reducing effect upon functionalizing alkylamine on GO that is consistent with the XPS result discussed earlier. Furthermore, the modification of GO with alkylamine further improved the thermal stability compared to pristine GO.
Structures and morphology of PBS/GOODA
Dispersion of GOODA in PBS matrix was observed via the FESEM images of the fractured surface of PBS and its nanocomposite films as shown in Fig. 10 . The neat PBS matrix shows a smooth topography with less pronounced ridges. Compared to neat PBS film, its nanocomposites show a rougher fractured surface. The surface roughness increased as the filler content was increased due to the embedded and tightly held GOODA in the polymer matrix, demonstrating excellent compatibility and strong interfacial interaction of the grafted octadecyl chains and PBS chains. The fractured surface of PBS/GOODA 0.1 wt% exhibits a uniform dispersion of GOODA nanofiller with no large-size aggregates observed. In addition, GOODA did not cause any gaps or holes between the matrix and filler. The homogeneous dispersion of GOODA nanofiller could be attributed to the presence of long-chain amine group that acted as nanoscale spacer to prevent restacking that could compromise their large surface area. However, with more than 0.7 wt% GOODA loading, the filler shows some aggregation and the filler particles are visible in the composite as shown by the red arrow, thus decreasing its properties. Although the particles of GOODA appeared to be detectable on the fractured surface, the nanoplatelets were embedded tightly in the PBS matrix. The absence of gaps on the matrix phase surrounding the GOODA nanoplatelets suggests that good adhesion is present between both the matrix and filler constituents. However, as marked by the black arrows in PBS/GOODA 1 wt% FESEM micrograph, the matrix voiding of larger GOODA nanoplatelets on the fractured surface is present. Large size of GOODA filler corresponds to the aggregation of the filler at higher loading percentage that consists of multiple GOODA layers. This indicates that higher amount of filler leads to poorer exfoliation of graphene nanofiller as the platelets begin to restack with each other due to van der Waals forces created within GOODA planes. Larger aggregates also act as loadconcentrating defects leading to the reduction in mechanical properties. The same observation was also found by [29] for chitosan/oxidized starch/graphene oxide nanocomposite where higher loading of GO resulted in the aggregation of nanosheets that reduced the compatibility between nanofillers within the polymer. 
Mechanical properties of PBS/GOODA
Graphene nanostructures are endowed with excellent mechanical properties due to honeycomb-like lattice in their carbon bonding network. The main aim of incorporating nanofiller is to apply it in a polymer matrix as a reinforcing agent to produce a versatile nanomaterial. Homogeneous dispersion of filler in polymer matrix plays an important role in order to have the reinforcement effect in nanocomposite especially with the cooperation of graphene derivatives as it has high tendency to restack back into graphite [30] . In order to investigate the effects of mechanical properties with the presence of GOODA in PBS matrix, tensile test, Young's modulus, and elongation at break were performed at different loadings. The result of tensile strength of PBS/GOODA nanocomposite is shown in Fig. 11a . The neat PBS film exhibits a typical ductile facture characteristic with the highest percentage of elongation at break compared to the nanocomposite. Clearly, the incorporation of GOODA enhanced the tensile strength of PBS nanocomposite. A sharp increase in tensile strength and Young's modulus were observed for 0.1 wt% GOODA loading exhibiting an increment up to 50 and 58.9% from pristine PBS, respectively. However, as the content of GOODA was further increased up to 0.7 wt%, it showed a plateau trend, but still held a higher tensile strength than that of the neat PBS. Young's modulus of PBS/GOODA showed a significant increment up to 0.7 wt% GOODA loading as shown in Fig. 11b . For instance, 0.1 wt% GOODA exhibited more than 48.9% increase in Young's modulus from 930.54 to 1385.96 MPa. High reinforcement efficiency for this polymer nanocomposite system is very appealing as it is comparable to other reported systems reinforced with alkylated GO [13, 14, 16, 30] . The significant improvement in the strength of PBS/GOODA nanocomposite is attributed to the strong chemical interfacial interaction between the amine group of GOODA and carboxyl group of the PBS matrix. This successful interaction facilitated the load transfer distribution in the nanocomposite, thus enhancing the mechanical performance. Tensile strength values at 0.8 and 1 wt% GOODA loadings were lower than that of the pristine PBS. This could be due to the occurrence of aggregation of GOODA nanoparticle at higher loading percentage as observed from the fractured surface morphology of PBS/GOODA nanocomposite through FESEM micrograph. Larger GOODA aggregates acted as load-concentrating defect, thus lowering the tensile strength and its modulus values. Figure 11c shows the elongation trend of PBS/GOODA nanocomposite upon increasing the filler loading. Unfortunately, PBS/GOODA nanocomposite exhibited a brittle behavior with the addition of GOODA which contributed to gradual decrease in elongation at break. The enhancement in strength and rigidity compromised the ductility of PBS/GOODA nanocomposite [14] . This observation is in line with FESEM results, where at higher loading, the surface fracture showed brittle-like fracture and some aggregation of GOODA filler in the PBS matrix. Table 2 summarizes the mechanical properties of neat PBS and composite films with various loadings.
Thermal stability of PBS/GOODA
Mechanical properties of semicrystalline polymer such as PBS greatly depend on its crystallinity. Therefore, the influence of GOODA as filler on the heating and cooling process was observed using DSC. The first heating scan, cooling scan and second heating scan curves for neat PBS and its composite are shown in Fig. 12a-c , respectively. The degrees of crystallinity (X c ) of the neat PBS and PBS Table 3 . Figure 12a shows the heating curve of first heating scan for PBS and its nanocomposite where two melting peaks were observed for all samples. The origin of the pair of melting peaks could be due to melting, recrystallization, and remelting of the crystal distribution during the heating process. The melting temperature of PBS composites was similar to that of the neat PBS. It is interesting to observe that X c and DH m slightly decreased for 0.1 and 0.3 wt% GOODA. The reduction of X c and DH m by incorporation of GOODA nanofiller might be due to the role of highly dispersed nanofiller that hindered the crystalline alignment of the polymer chain thus lowering the fraction amount of crystalline phase in PBS/ GOODA nanocomposite. However, the X c and DH m showed variable trend after 0.3 wt% where the values increased at 0.5 and 0.7 wt%. This could probably be due to the presence of thicker GOODA aggregates dispersed in the PBS nanocomposite, thus slightly enhancing the crystallinity and mobility of the PBS nanocomposite during heating [31] . A greater degree of agglomeration upon higher loading was also observed in FESEM micrograph of PBS/GOODA nanocomposite. The lowest degree of crystallinity was observed at highest GOODA loading (1 wt%) that could be ascribed to the occurrence of GOODA severe aggregation at high content thus restricting the crystallization growth. The same observation was also found for poly(lactic acid)/GOODA nanocomposite [30] . Neat PBS showed crystallization peak temperature (T c ) at 88.5°C and the exothermic peak trend was asymmetric indicating that crystallization rate was slower at the early stage and faster at the later stage. The value of T c of PBS/ GOODA nanocomposite remained almost the same after the addition of GOODA nanofiller. Only a slight shift of T c for PBS/GOODA nanocomposite around * 1-3°C lower than neat PBS, indicating that the crystallization behavior of PBS nanocomposite was enhanced by the presence of GOODA. In addition to T c , the crystallization enthalpy DH c reduced slightly compared to the enthalpy of the pure PBS of around * 6 J/g for 0.3 wt% GOODA loading. The minor decrease in the DH c values might be due to the effect of dispersed GOODA nanofiller in the polymer chain that decreased the PBS chains mobility due to the presence of longchain alkylamine. This observation is in line with the morphology analysis in FESEM micrograph of PBS/GOODA fractured surface. Moreover, researchers have found that a different degree of nanofiller dispersion has a significant effect on the spherulite nucleation rate and crystal morphology [32] . In this study, we believe that the addition of highly compatible nanofiller resulted in exfoliated nanofiller flakes, thus causing slight modification on the crystal morphology. Exfoliated nanofiller reduced the growing space of polymer crystallite and restricted the formation of crystal onto the polymer chain due to the high number of nanoplatelets. Therefore, less ordered crystals might be formed thus reducing the crystallization enthalpy in the nanocomposite system. Furthermore, this phenomenon also contributed to broader crystallization peak for PBS nanocomposite that indicates lower crystallization rate than that of the pure PBS. A similar trend was observed in DSC analysis for PLA/clay nanocomposite where the clay acted as tactoids, thus leading to smaller and defect-ridden crystalline lamella [33] . The slight changes in T c and The melting point, heat of fusion and degree of crystallinity from first heating scan b Heat of fusion and degree of crystallinity from second heating scan DH c indicate that GOODA made only a slight contribution to the crystallization of the sample. In contrast with the first heating scan, it is interesting to observe that DH m for second heating scan slightly increased for GOODA-filled PBS nanocomposite. The changes in melting enthalpy might indicate that during second heating run, GOODA nanofiller underwent slight changes in crystallization behavior. Alteration of the crystal structure might be due to the effect of heat applied during first heating run that partially reduced GOODA nanofiller as were observed by researchers that performed in situ thermal reduction of graphene in polymer composite [3, 27, 30] . According to their findings, graphene nanofiller in polymer nanocomposite could undergo partial reduction when applied to 100°C temperature. In addition, although the crystallization rate showed slight decrease due to highly miscible and strong intercalation of long alkyl chain, degree of crystallization showed slight improvement. This could probably be due to the occurrence of some nucleation activity of low perfection PBS crystallization with the presence of GOODA. The attachment of GOODA onto PBS carbonyl backbone also might produce slightly different crystal morphology than pure PBS. This interaction was confirmed by the FTIR analysis of PBS/GOODA nanocomposite. However, further investigation is needed in future work on the effect of GOODA for crystallization behavior of PBS/GOODA nanocomposite. In general, changes of PBS/GOODA crystallinity is so slight compared to the enhancement in mechanical properties. This further suggests that the significant improvement in tensile strength and modulus after filler addition is not attributed to the crystallinity behavior. Figure 13 shows the TGA curve of weight loss as a function of temperature for PBS and PBS/GOODA nanocomposite. In order to study the thermal stability behavior of these materials, the temperature at 5 wt% weight loss (T 5% ), temperature at 50 wt% (T 50% ), maximum decomposition temperature (T max ), and end temperature at 100% mass loss (T e ) were obtained as shown in Table 4 . The neat PBS showed a degradation temperature at 5% weight loss of around 344.3°C and slightly increased to 351.5°C for the nanocomposite. It is apparent that the thermal stability improved with the incorporation of GOODA in the PBS matrix. Moreover, T e also shifted to a higher temperature with significant increase at 1 wt%. This may be attributed to the role of GOODA that acted as a heat barrier to reduce the volatilization of the decomposed product from the polymeric matrices [34] . Similar results were demonstrated for other graphene-based PBS nanocomposite [35] . However, T 50% and T max did not show notable changes with the variation of GOODA content.
Understanding the dispersion mechanism route of GOODA filler in PBS matrix
Further investigation using FTIR analysis was done to understand and verify the interactions between GOODA and the PBS matrix. As shown in Fig. 14 , the neat PBS exhibits four main peaks which are stretching band for methylene groups in PBS backbones at 2958 cm -1 , C=O stretching for carboxyl at 1724 cm -1 , and C-O stretching due to carbonyl and ester groups at 1155 and 1319 cm -1 , respectively. After the incorporation of alkylated amine GO, additional peaks can be found at * 3624 and 3351 cm -1 that correspond to amide N-H band and secondary amine stretching, respectively. The emergence of new peaks in the nanocomposite is an indication that some interaction took place between amine group in GOODA and carboxyl group in the PBS matrix through nucleophilic acyl substitution. The presence of long-chain alkylamine on the GO surface served as initiating species for covalent bonding between the PBS matrix and GOODA. This interaction was further confirmed with the decreasing peak intensity of C=O stretch for carboxyl group in the PBS matrix with increasing GOODA loading. The illustration of reaction mechanism between the PBS matrix and amine-modified GO is presented in Fig. 15 . The strong interfacial interaction between PBS and GOODA was further supported by a substantial improvement in tensile strength of the nanocomposites.
In addition, swelling test was done to investigate the extent of bonding interaction between the PBS matrix and GOODA nanofiller. The formation of gel during solvent uptake into the polymer matrix was calculated by the swelling percentage using the equation of S% ¼ W a À W b ð Þ =W b Â 100, where W a is the weight of swollen polymer and W b is the weight of dried sample before swelling test. Figure 16 shows that after 2 h of swelling, the pristine PBS exhibited the highest swelling percentage while all nanocomposites showed lower degrees of swelling. Lower swelling percentages observed in all PBS/GOODA nanocomposites are associated with the restriction of solvent penetration into the polymer as a result of successful interaction between GOODA and the PBS matrix as observed in the FTIR analysis in Fig. 15 . The addition of GOODA altered the crosslink density and network chain in the polymer thus affecting the chain mobility, phase interaction, and free volume in the nanocomposite [36] . 
Conclusions
Graphene oxide was surface functionalized with octadecylamine and then with PBS to produce PBS/GOODA nanocomposite with excellent dispersion and exfoliation of GOODA by solution intercalation method. Improved mechanical properties were obtained even at low GOODA loading content. Tensile strength and Young's modulus increased up to 50 and 58.9%, respectively, for PBS/GOODA 0.1% compared to those of the pristine PBS. Crystallization analysis through DSC analysis showed that GOODA only had a small effect on the crystallinity and crystallization process. Thus, by excluding the contribution of crystalline structure and crystallinity, the significant enhancement in mechanical properties could be ascribed to the contribution of successful dispersion of nanofiller and strong interfacial interaction between PBS and GOODA nanofiller. Additionally, improved thermal stability from TGA results revealed that the decomposition temperature at 5% weight loss increased by 7°C for PBS/GOODA 0.3% compared to that of the pure PBS. The presence of amide group in GOODA improved the compatibility between GOODA and PBS through strong interfacial adhesion between amide group of GOODA and carboxylic group in the PBS chain tail. These results proved that the incorporation of long-chain alkylamine assisted in the improvement of mechanical and thermal properties for high-performance PBS nanocomposite.
